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TESTS IN MODEL BINS. 


| The preceding described tests in the full-sized bins of 
the Canadian Pacific Elevator at St. John, N. B., gave 
all the data necessary to proceed with confidence with 
the designing of bins of approximately the same dimen- 
sions as the ones in which the tests were conducted. There 
still remained, however, considerable data to be obtained 
in order to devise a formula or system of calculating the 
pressures, and the proportion of grain weight that would 
be carried by the sides and on the bottom of bins of any 
ratio of breadth to depth or constructed of different ma- 
terials. 3 

After fully considering the question, the author believed 
that all the necessary data could be obtained by conduct- 
ing a series of tests in model bins. This was undertaken 


in the winter of 1902-03, and the following testing appa- 
ratus was designed and manufactured: 

One bin 12 ins. square, 6 ft. 6 ins. deep, the sides being 
made of corrugated or trough plate steel (corrugations 
running horizontally) attached to corner columns. 

One bin 12 ins. square, 6 ft. 6 ins. deep, made of smooth 
wood boards. . 

One of the same dimensions as the last with the boards 
roughened on the inside of the bin, to imitate a bin of 
ordinary wooden cribbed construction. 

One of the latter bins was also lined with flat steel! 
plates to imitate a*square steel bin. 

One wooden bin 6 ins. square, 6 ft. 6 ing.’ deep. 
| One round steel bin 6 ins. diameter and 6 ft. 6 ins. deep. 
| One round steel bin 12 ins. diameter and 6 ft. 6 ins. 
deep. 
| Six hydraulic diaphragms: One being 12 ins. square, 

one 12 ins. in diameter, one 6 ins. square, one 6 ins. in 
diameter, one rectangular 3 x 12 ins., and one 2 ins. 
square. 

In testing for bottom pressure the diaphragms were the 
full size of the different bins, forming a complete bottom 
for them. The total weight of grain coming on the bot- 
tom therefore rested directly upon a thin sheet of pure 
rubber, which in turn rested on the water contained in 
the diaphragm, while the bin itself rested upon the frame 

of the diaphragm. Connection was made between the dia- 
r phragm case and the glass gage column, which was set 
vertically alongside of a measuring scale. To obtain the 
| lateral pressure the diaphragm was made to form part 
of the bin wall, the face being set vertical and in line 


_ with the inside face of the bin. (See diagram of arrange- 
ment of test bins, Fig. 2.) 

The whole apparatus was set on a platform scale so that 
the weight of grain could be accurately taken as the bin 
was filled. The measuring scale was then adjusted accu- 
rately to the height of water in the gage glass. Grain 
was then poured into the top of the bin in drafts varying 
from 25 to 6% lbs. each, according to the size of bin used, 
and readings of the height of water column in the gages 
taken and recorded at each draft as the bin was filled. 
| Tests for bottom or vertical pressure were made in all 
| the different bins, and for lateral pressure in a majority 
| of the bins. 

In the square trough-plate or corrugated-steel bins, tests 
were made with the following varieties of grain: Wheat, 

| peas, corn or maize, and flax-seed; and in the cylindrical 
| bins, tests were also made with thoroughly dry, clean 
river sand. The grain used was the highest grade that 
could be procured and was thoroughly clean and com- 
_M™mercially dry; the wheat was No. 1 Manitoba Hard, 
weighing 50 Ibs. per cu. ft., peas weighed 50 lbs., corn 

45 Ibs.; and flax-seed 41.5 lbs.. The sand weighed 100 lbs. 

per cu. ft. The weights as above were all carefully ascer- 

tained by means of the Grain Testers’ Balance. Wheat 

Was used to conduct the full series of tests, while the 

other grains were only tested in two of the bins, with a 
view to establishing the comparative pressures with wheat, 
| over 50 separate tests being made in all. Some of the 
tests are given in full in the accompanying Tables IV. to 
VIII., and the curves Figs. 5 to 8. 

The tests were all carried out in duplicate. After the 
first series were completed, the readings plotted and cal- 
culations extended, the second series were undertaken 
| with a view to checking the first, and to gain such ad- 
| ditional information as was found to be desirable. In the 
| first series the grain was poured into the bin from a pail, 
while in the second series of tests a funnel with a large 
opening was used. This did not make any difference in 
the maximum pressures obtained, but the latter mode of 
filling the bin gave very accurate curves when plotting 
the diagrams, while the plottings from the first series 
were in some instances somewhat erratic. 


“TESTS UNDER SPECIAL CONDITIONS. 
With a view to ascertaining the effect of vibrations or 


| shocks on the pressures, the sides of the bin were sharply 


tapped with a hammer. It was found that by tapping the 
bin near the bottom only, the pressure or load on the bot- 
tom could be decreased. This was found to be due to a 


| slight deflection in the bin sides, which, however, was 


not sufficient to allow the grain in the upper part of the 
bin to settle down. When, however, the tapping was con- 
tinued from the bottom to the top of the bin on all sides, 


the grain in the bin could be settled from 2 to 3 ins.,giving 
a slightly increased pressure on the bottom. In test No. 
1A, the full records of which are given in Table IV., it 
will be noted that the settling of the grain amounted to 
2% ins., giving a maximum reading of 101% ins. of water, 
or an increase due to the shock of 1%4 ins, of water, equal 
to total increased weight on bottom of approximately 9 
Ibs. It may be stated that this shock was proportionately 
very much greater than could be produced under ordinary 
conditions in large elevator bins. 

The author may state here that while vibration or 
shock will slightly increase both the vertical and lateral 
pressure, as the lateral pressure increases the total fric- 
tion on the wall will correspondingly increase and there- 
fore there cannot be found any good reason for assuming 
any material increase of pressure due to shocks. Again, 
by slightly raising the bin with screws inserted between 
the frame of the diaphragm and the bottom of the bin 
walls, the pressure on the bottom could be very materially 
decreased. This decrease, allowing the water in the 
gage to recede from the maximum of 101% ins. to 7 ins., 
clearly shows that the greater the pressure on the sides 
the greater the load carried by the walls. 

On- the bin being again lowered to its original 
position, while no increase of lateral pressure was shown 
by the side diaphragm, there was a very large in- 
crease of pressure on the bottom diaphragm, or sufficient 
to cause the water to flow out of the top of the 4-ft. gage 
glass tube, which was not therefore long enough to record 
the pressure; in fact, the total weight of the grain was 

_then resting on the bottom diaphragm, and in addition 
the grain was acting as a column to support the weight 
of the bin itself. 

Again, by placing standard weights of 50 Ibs. each on 
top of the grain, the pressure on the bottom could be 
only slightly increased by each weight applied, and 
it decreased again as the weights were removed. 
This experiment was repeated a number of times, in 
one case 400 lbs. of weights being applied, with. practi- 
cally the same results in every case; indicating clearly 
that the increased pressure on the bottom by the appli- 
cation of weights on the top of the grain, was due to a 
slight vertical compression of the bin walls, or the elas- 
ticity of the grain. 

Very careful tests were also made to ascertain the pres- 
sure due to grain in motion, or when the grain was being 
drawn out of the bin. To obtain the bottom pressure, the 
grain was drawn from an opening in the side of the bin 
close to the bottom, There was found to be a decrease of 
pressure on the bottom when the gate was opened and this 
decrease was maintained until the bin was about half 
emptied, then it became approximately the same as when 
the bin was being filled. Near the bottom the pressures 
showed an increase over the curve obtained when filling 
the bin; this, however, was entirely due to the necessity of 
drawing the grain from the one side of the bin, as when 
nearly emptied, the remaining grain was all on one side 
of the bin and therefore nearly all resting on the bottom. 

When the grain was being drawn from the opening at 
the side of the bin, it was found that there was consider- 
able difference in lateral pressure on the different sides. 
On the side directly opposite to the opening there was a 
large increase of pressure, and on the same side as the 
opening the pressure decreased to less than half when the 
3-in. x 12-in. rectangular diaphragm was being used; and 
when the 2-in. square diaphragm was placed directly over 
and a short distance above the opening, there proved to 
be practically no lateral pressure at this point. (See 
Fig. 8.) 

When the bin is being filled or when the grain is being 
drawn from the opening of a square or cylindrical bin 
through an opening exactly in the center, a line drawn 
vertically through the center of the bin is the center of 
pressure, and the lateral pressure per square inch is equal 
on all sides of the bin. If, however, the grain should be 
drawn from an opening in the side of the bin, or in the 
bottom close to the side, then, owing to the moving col- 


el 


w 


ak 


“ 


“umn of grain being over the opening, the center of pres- 

sure is changed, and the lateral pressure is considerably 
increased on the side opposite to the opening and de- 
ereased on the side over the opening, thus throwing very 
uneven strains into the bin walls. In a Square bin, this 
will simply throw the increased pressure on the far wall, 
but in a cylindrical bin this must have a very injurious 
effect, unless the walls should be of very rigid construc- 
tion. In a steel tank, the walls of which are very thin 
and have practically no rigidity, this uneven pressure 
tends to throw the tank considerably out of round, while 
the decreased pressure on the side over the opening makes 
this part of the tank shell very unstable as a column to 
carry the vertical load, with the result that steel tanks 
often buckle inward at varying distances above the open- 
ing. This conclusively shows that in all bins, and espe- 
cially in those of cylindrical shape, to avoid these exces- 
sive strains the grain should always be drawn from an 
opening in the center of the bin. 

To properly ascertain the lateral pressure when the 
grain was being drawn from an opening in the center 
(which is the usual manner in small bins) the bin was 
provided with a hopper bottom, with the gate opening di- 
rectly in the center, the diaphragm being placed on the 
side as before. The grain was then drawn out. and 
weighed, the gage carefully observed, readings recorded 
at the end of each draft, or when the gate was closed, and 
to ensure getting all fluctuations of pressure, two or 
| three intermediate readings were taken while the grain 
| was in motion. Several similar tests were made with 
varying sizes of gate openings and grain running out at 
speeds varying from 50 Ibs. to 120 Ibs. per minute, and the 
| increase of lateral pressure due to grain in motion over 
| grain at rest, or when the bin was being filled, was found 
to vary from 5% to 9.3%, the latter being for the highest 
speed, which is, however, relatively much greater than 
would be attained in practice in full-sized bins. 

Tests were also made by pouring grain in at the top at 
varying speeds, while it was being drawn out at the bot- 
| tom, but this was found to have no appreciable effect until 
the bin was nearly emptied, and the pressure had consid- 
| erably decreased. By pouring grain in at a higher speed 
than it was being drawn out, the pressure could be again 
raised, but in no case beyond the maximum of 9.3% over 
that obtained while filling the bin. 

If the grain is drawn from the center of the bin, it may 
be safely stated that the increase of pressure due to the 
grain in motion, over grain at rest, or when the bin is 

being filled, will not exceed 10% and the increase will be 
considerably less than this when the ratio of the area of 
the gate opening to the area of the bin is 1 to 150, which 
is approximately the usual practice in standard-sized bins. 

That no large increase of pressure actually takes place 
due to grain in motion, when the grain is being drawn 


from the center of the bin bottom is, I believe, fully 
demonstrated by the above tests, and also by the tests in 
the full-sized bins at St. John, N. B. In addition, the 
author has on three different occasions. made careful 
measurements of the deflection of the walls of different 
elevator bins, 1, when they were being filled; 2, after the 
grain had been at rest for several days, and, 3, when the 
grain was being drawn out. One of the records is as fol- 
|lows: 


| Bin filled with wheat. Cribbed spruce walls. Thickness 
of wall, 6% ins. Clear span 13 ft. 5% ins. Depth of grain 
in prism of bin, 65 ft. Height of grain above point of 
measurement for deflection, 60 ft. Deflection when first 
loaded, %-in. Deflection when four days under load, 
11-16-in. When grain was being drawn out, the deflec- 
|tion varied from %-in. to a maximum of slightly under 
%4-in., the latter deflection being when the gate was sud- 
‘denly closed. ‘ 


' Careful calculations were ‘made for the fiber stress in 
the walls, and it was found that this deflection would be 
approximately equal to a distributed load of 352 Ibs. per 
/square foot of wall. ( 

Tests were also conducted with a view to ascertaining 
the complete movement of the grain when it was being 
drawn out and to find relative speed of the downward 
movement of the grain at different points in the bin. To 
facilitate this, the bin was provided with a glass side, and 
different colored grains placed at equal distances apart 
vertically. The gate was then opened and the movement 
of the grain down the glass side observed and the time 
taken when each of the colored grains came out of the 
‘bottom. It was found that a column of grain directly over 
the opening in the center of the bin moved at the highest 
rate of speed, the vertical movement decreasing towards 


the sides, the whole column of the grain in the bin, how- 
ee: moving downward. There was a small triangular 
| section of grain at the bottom of the bin, which did not 
| move out until the last. Thus, a part of the first grain 
put in the bin was the last to run out. (See sketch B, 
| Fig. 2.) 

Tests were also made by placing small W%-in. by 24-gage 
steel bars across the center of the bin in both directions, 
spaced 6 ins. apart vertically, the bars being set on edge 
with a view to presenting the least resistance to the movy- 
ing grain column. (See sketch C, Fig. 2.) It was found 
that the bars had a very decided effect on the vertical 
movement of the grain; in fact, 1% less grain would run 
through the opening at the bottom in a given time, as in 
the same bin with the same opening, without tie bars. 
This shows that when the grain is moving down a very 
heavy strain must be thrown into the tie bars, and 
through the tie bars into the walls; that the vertical grain 
load carried by the walls will be considerably increased; 
and that tie bars, if used at all, should not run across 
the center of a bin. All tie bars or other obstructions, 
however, in a bin will be subjected to considerable Strain 
and should be avoided if at all possible. 

All the above tests were made in bins 12 ins. square 
and 12 ins. diameter by 6 ft. 6 ins. deep, and it was found 
that with the walls giving the same coefficient of friction 
and having the same ratio of wall area to horizontal 
area of the bin, there was practically no difference in 
pressure between the square and cylindrical bins. The 
pressure varied, however, directly as the coefficient of 
friction, taking as an example: 


Test No. 1A, Table IV., Bin. 12 ins. square, horizontally 
corrugated steel sides; wheat in bin, 325 lbs.; weight on 
bottom, 45.46 lbs.; coefficient of friction, 0.468. 


Test/No. 5A, Table V., Bin 12 ins. square, flat steel plate 
sides; wheat in bin, 825 lbs.; weight on bottom, 6U.397 
lbs.; coefficient of triction, 0.355. 


The latter gave vertical and lateral pressures 32.9% 
greater than the former, and the walls of the former bin 
carried 4.88% more of the total weight of the grain in the 
bin than the latter. 

A test was made by using a stout canvas bag or cyl- 
inder 12 ins. in diameter, 6 ft. 6 ins. deep, provided with 
metal rings at both ends, one ring attached to the metai 
frame of the 12-in. circular diaphragm. It will be noted 
that this formed a cylindrical bin with wall incapable of 
supporting any vertical load. The bag was extended to 
full height and the wheat poured in at the top. When 
the bag was full, it was found that the height of water in 
the gage glass multiplied by the area of the diaphragm 
gave 114 lbs. more than the total weight of grain, show- 
ing that the grain column was supporting a part of the 
weight of the bag, which weighed 3% lbs., and incidentally 
proving the correctness of the hydraulic diaphragm and 
water column as an accurate weighing machine. 

A test was also made in the 12-in. diameter cylindrical 
bin, using sand instead of grain. The sand was thorough- 
ly dry, clean and of, good building quality; angle of re- 
pose, 34°; weight, 100 Ibs. per cu. ft. When 537% lbs. 
were put into the bin, it was found that 99.211 lbs. or 
18.45% was resting on the bottom and 438.289 lbs. cr 
81.55% carried by the sides. (It is interesting to note that 
both sand and wheat gave approximately the same per- 
centage of total weight resting on the bin bottom or dia- 
phragm. The wheat weighed 50 lbs. per cubic foot and 
gave 18.29% on the bottom and 81.71% carried on the 
sides.) By sharply tapping the cylinder on both sides 
with the hands, we settled the sand 8 inches, increasing 
the load on the bottom to 120.272 lbs. or 22.37% of the 

| total weight of sand in the bin, 

In conducting the tests, the coefficient of friction be- 
tween the grain and the bin walls was readily obtained 
in the following manner: Having found the total grain 
weight resting on the bottom of the bin, we deduct this 
bottom weight from the total weight of the grain in the 
bin. This gives the weight supported by the walls, and 
by dividing this weight into the total side pressure, we 
get the coefficient of friction. The total side pressure was 
obtained by multiplying the pressure per square inch for 
| each section of the bin, by the area of the walls for that 


Section, and the sum of the pressures per section give the 
total pressure on the bin walls. The coefficient of fric- 


tion obtained in the above manner agreed very closely in 
every case with the coefficients obtained by means of the 
apparatus shown in Fig. 3. 

To obtain the relative pressures due to increased breadth 
or diameter of bin, tests were made in the bins 6 ins. 
square and 6 ins. diameter, by 6 ft. 6 ins. deep. It was 
| found in each case that the pressures per square inch, 


I 


a] 


| both vertical and lateral, in the larger bins were approxi- 
“mately twice as great as in the smaller bins, and that the 
/weight resting on the bottom of the larger bins was ap- 
proximately 8 times as great as in the smaller bins, or 
twice as great as the sum of the weight for four 6-in. bins, 
It was the author’s original intention to have made tests 
|in bins 18 ins. and 24 ings. square, to ascertain if the rela- 
ltive increase in pressure would vary with the breadth of 
|the bin. This, however, was found to be unnecessary as 
it was readily seen that since the proportion of the grain 
-weight carried by the sides was dependent upon the ratio 
/of horizontal area, or the weight of the grain column, to 
the area of the bin walls, then if we increase the breadth 
and maintain the same ratio of breadth to depth, the pres- 
sure will increase directly as the breadth. As, however, 
the maximum pressures are reached at a depth of 3.5 
times to 4 times the breadth, it may be stated that, ap- 
proximately, both the vertical and lateral pressure will in- 
crease directly as the breadth. 


ANGLE OF REPOSE AND COEFFICIENT OF 
FRICTION. 


It is well known that if we pour grain upon a level floor 
it will assume the form of a cone, and if we en- 
deavor to run grain through a spout, the spout must have 
a considerable angle before the grain will run, thus clear- 
ly indicating a considerable friction, both of grain on grain 
and between grain and the material of which the spout 
or bin wall may be constructed. It will be readily under- 
stood that if there was no friction between the grain and 
\the bin walls, the total grain weight would rest on the 
bottom, and if there -was no friction within the mass of 
grain, the horizontal pressure would be equal to that pro- 
‘duced by a fluid of the same specific gravity as grain; it 
lis this friction on the one hand and the lack of cohesion 
|between the particles on the other, that distinguishes a 
granular mass from 
either a fluid or a 
Solid. If the sides or 
walls of the bin are 
constructed of very 
smooth material or 
without any projec- 
tions, the coefficient 
| of friction between the 
grain and the walls 
will be considerably 
lower than if the walls 
were built of rough 
material, and the 
rougher the wall the 
higher will be the co- 
efficientof friction un- 
til it may reach a 
maximum of grain on 
grain. As the form of 
the walls and the ma- 
terials of construction 
have a great influence 
dn pressures, it is nec- 
essary to establish 
both the coefficient of 
friction of grain on 
grain, and of grain on 
the sides of bins of 
different forms or con- 
structed of different 
materials. 

To enable these co- 
efficients to be readily 
and accurately ob- 
tained, the author de- 
signed the simple ap- 
paratus shown in Fig. 


Fig. 4. Diagram Illustrating 
Relation Between Vertical 


and Lateral Pressures. 3. To obtain the 
V = intensity and direction @08le of repose of 
of vertical grain pres- grain, the tray which 

sure; = eae 

L = intensity and direction pialtaeued to the Dy, 
of lateral grain pres- oted frame is filled 

_ sure; and carefully leveled 

i — palcuesty and direction off and the frame bal- 
5 nTeeneee tant grain anced (see Fig. 3); the 
@ = angle of repose or nat- end holding the tray 


ural slope of grain; 


B eeE ones is then carefully raised 
= ang Ss iS 


until the first move- 
ment of the particles 
of the grain takes 
place and the angle 
carefully noted and 
taken as the angle of 


i a 
= 45° + —; 
2 


| For wheat @ = 28°, 8 = 59°, 
q V=1.665L, L—06y. 


repose, By attaching to the pivoted frame a piece 
of any material of which bin walls may be constructed, 
and again filling a special tray with grain, the tray being 
inverted with the grain against the face of the bin ma- 


terial and tilting the frame as _ before, we find 
that, if the material is rough or has projections 


placed upon its face we can tilt the platform to a con- 
siderably higher angle than if the material is smooth. 
By carefully noting the angle of the first movement of the 
tray and the grain, and finding the tangent of the angie 
we obtain the coefficient of friction between grain and any 
material of which bin walls may be constructed. By 
placing weights on top of the tray, we have ascertained 


_ that the coefficient of friction remains approximately con- 


stant for pressures up to 5 Ibs. per sq. in., which was 
about the limit of strength of our apparatus. 

By careful tests in the manner above described, it has 
been found that different varieties of grain have angles 
of repose varying from 24° to 36° and that different sam- 
ples of wheat will vary from 26° to 34°. The amount 
of moisture contained in the grain, and even a damp or 
dry day having considerable influence, the author there- 
fore decided to adopt a No. 1 Hard Wheat, weighing 50 
Ibs. per cubic foot and an angle of repose of 28° as a 
standard, and which will be safe to use for all varieties 
of grain. 

The coefficient of friction between standard wheat and 
different forms of walls built of different materials of 
construction, will vary considerably, but may be safely 
taken at the values given in the following table: 


TABLE II.—Coefficient of Friction Between Wheat and 
Various Materials of Construction of Bin Walls. 


Note.—Wheat used was the same as used for all pressure 
tests, No. 1 Manitoba Hard, weighing 50 Ibs. per cus ft; 
angle of repose, 28°, or coefficient of internal friction 
equals 0.532. 


Coefficient of 


friction. 
Wheat on wheat ........... eletevehares<cisvemeyevers 0.532 
“e ““ steel trough-plate bin........... 0.468 


oe “6 “cc 


66 “ se 


“ “ce 
“ “ 


“ “ 


CALCULATION OF BIN PRESSURES. 


It will now be clear that, since there is no cohesion be- 
tween the grains forming the mass, we will have con- 
siderable horizontal pressure, but as there is*eonsiderable 
friction within the mass, the pressure will not be so 


great as that produced by a fluid of the same specific 
gravity. Since there will be considerable friction between 


| the grain and the confining walls, the pressure and the 
friction must cause the walls to carry a part of the load, 
and that the proportion of the weight which the walls will 
carry must increase as the pressure, and therefore when 
the total pressure against the circumference of the bin 
walls (say for one foot in depth), divided by the coefficient 
of friction, becomes equal to the total weight of the grain 
in that section, then there cannot be any further material 
increase of either vertical or lateral pressure. It is there- 
fore evident that as the proportion of the weight of each 
layer carried by the wall is increased with the depth of 
grain, the ratio of depth to breadth is an important factor 
in determining the proportion of the total weight that will 
be carried by the walls and on the bin bottom; and again, 
since to support a given weight will require a given area 
of wall, with a given pressure per unit of area, and co- 
efficient of friction, it is evident that the area of the walis 


| must bear some definite relation to the horizontal area 


of the bin. 

The proportion of the total weight of grain in a bin that 
would be carried by the walls and on the bottom of the 
bin, and therefore the intensity of both the vertical and 
lateral pressures produced by grain is entirely dependent 
upon the following factors: (1) The coefficient of friction 
between grain and the bin walls. (2) The ratio of the 
breadth or diameter of the bin to the depth. (3) The 
ratio of the horizontal area or weight of the grain column 
to the area of bin walls. (4) The angle of repose of 
grain, or the ratio of the lateral to the vertical pressure 
(see diagram Fig. 4). 

With an angle of repose of 28°, as for wheat, the ratio 
of lateral to vertical pressure will be 0.6, which agrees 
accurately with the results of the tests. 

The coefficient of friction will vary with the form and 
material of the bin wall, and we will select 0.41667 in 
order to simplify calculations, since 0.6 x 0.41667 = 0.25. 

Having now established the factors and their values 
which govern the pressures produced by grain, it becomes 


IG 


Se 


a comparatively easy problem in simple arithmetic to de- The bottom pressure per sq. ft. will therefore be 
termine the vertical and lateral pressures and the propor- 5,000 
_ tion of the weight of the contents of a bin of any given | v= = 500 Ibs., or 3.47 Ibs. 
| breadth and depth, or of any construction of walls, that 0.41667 x 40 x 0.6 


| 
| will be carried by the walls and on the bin bottom. For Sq. in. and the total bottom pressure will be 
5,000 x 100 


per 


| the purpose of illustrating this method, we will assume a 

bin 10 ft. square, 100 sq. ft. horizontal area, filled with 
| wheat weighing 50 Ibs. per cu. ft.; each layer one 
| foot thick will contain 100 cu. ft. weighing 5,000 lbs. and 
| the area of the four walls for one foot in depth of bin, will 
be 40 sq. ft. 


= 50,000 lbs. on hori tal 
0.41667 x 40 x 0.6 ‘ eh 


bottom. 
It happens that this 50,000 lbs. total weight on the hori- 


Starting with the top layer, we find that the lateral pres- 
sure, and therefore the friction between the grain and the 
walls, is very slight and may be neglected, and assume 
that the full weight of the first layer is resting on top of 
the second layer. We therefore have: 

5,000 x 40 


100 
earried by the walls, 

This 500 lbs. deducted from the weight of the second 
layer will:leave 4,500 lbs. (which we will call the remain- 
ing weight) plus the full weight of the first layer, making 
9,500 Ibs. which will rest on top of the third layer, and 
will produce lateral pressure in the third layer sufficient 
to support 950 lbs.; deducted from the weight of the third 
layer this will give a remaining weight 
of 4,050 lbs. Adding this to the re- 
maining weight of the second layer, and 
the full weight of the first layer, will 

| give the pressure on top of the fourth 
layer, and so on for all succeeding lay- 
ers. As the weight on top of each layer 
jnereases, the lateral pressure will be 
correspondingly increased, and the 
greater the pressure against the walls, 
the greater proportion of each layer that 
_ will be supported by the walls. While 
| the weight being added to the bottom 
pressure by each succeeding layer, will 
correspondingly decrease, until a depth \ 
has been reached where the pressure 
against the sides becomes sufficient to sf 
cause the full weight of the layer to be sup- 
ported, by the walls, then the maximum lateral pressure 
bas been reached, and no further weight will be added to 
the bottom. The total weight on the bottom of a bin will 
therefore be equal to the sum of the weight of the top 
_ layer plus the remaining weights of all succeeding layers, 
and the weight carried by friction on the bin walls will be 
the difference between the weight on the bottom and the 
weight of the total amount of grain in the prism of the 
| bin. 
| This may be called the “step process,’’ and calculations 
may be made in this manner to obtain the pressures in 
any given size or construction of bin filled with grain or 
| any other strictly granular material. 

Table Til, on p. 239, gives the pressures for bins 
10 ft. and 20 ft. square and 80 ft. deep, was calculated by 
the above process. The two columns at right of the tables 
give the pressures calculated by ‘‘Pressure Factors’’ ob- 
tained by the tests. 

While this process is very simple, it is a somewhat long 
and tedious one, by which to make the calculations for 
deep bins; but is undoubtedly correct and agrees in every 
particular with the results obtained from the author’s 
tests, both in the model and full-sized bins, and also with 
Janssens’ tests, mentioned earlier in this paper. This pro- 
cess may, however, be reduced to a very simple formula 


since we find that no matter how deep the bin may be, if 
the walls be not compressed vertically due to the load, 


we can readily find the maximum vertical and lateral pres- 
sure in a bin of any given dimensions, filled with any 
granular material. , 

Assuming as above, a bin 10 ft. square, filled with wheat 
| weighing 50 Ibs. per cu. ft., the coefficient of friction be- 
‘tween grain and the bin walls as 0.41667 and the angle of 

repose of the grain as 28° and therefore the ratio of bot- 

tom to side pressure as 1:0.6. We have the total side 
pressure required in a layer 1 ft. deep'to support the total 
weight of that layer by friction on the wall, as follows: 


x 0.6 x 0.41667 = 500 Ibs. 


Ss 
' 


Boiler ai 


6/0" 


5,000 
L = ———— = 12,000 Ibs. pressure to support 5.000 
0.41667 : es 
Ibs., and the side pressure per sq. ft. 5 
6,000 


; 1 = —— ——— = 3800 Ibs., or 2.08 Ibs. per sq. in. 
| 0.41667 x 40 - : 


zontal bottom of the bin is exactly equal to the weight of 
a column of grain having a height equal to the horizontal 
dimensions of the bin, and this would hold true for any 
square or cylindrical bin having the same coefficient of 
friction, filled with material having the same weight and 
angle of repose. If, however, the coefficient of friction 
should be lower, the weight on the bottom will be corre- 
spondingly higher, or vice versa. If the angle of repose 
should be lower and the coefficient of friction between the 
grain and the bin walls remain the same, then the lateral 
pressure would be greater, and the weight on the bottom 
lower, but since a lower angle of repose of the grain will 
usually give a lower coefficient of friction, between the 
grain and the bin walls, the angle of repose of the grain 
will always have considerable bearing on the latter, in ad- 
dition governing the relative vertical and lateral pressure, 

We will therefore assume a bin of the same size as be- 
fore, filled with grain weighing 50 lbs. per cu. ft. with the 
coefficient of friction as 0.35, angle of repose of grain 24° 
and therefore a ratio of bottom to side pressure of 1:0.65. 
We have the side pressure per sq. ft.: 


5,000 
lL = —_.— = 3857 Ibs:, or 2.48 Ibs. per sq. in. 
0.35 x 40 
Bottom pressure per sa. ft. 
5,000 


549 Ibs., or 3.82 lbs. per sq. in. 
0.35 x 40 x 0.65 


and the total bottom pressure 
5,000 x 100 


0.35 x 40 x 0.65 


It must be borne in mind that the preceding formula 
gives only the maximum vertical and lateral pressures 
| and grain load on the horizontal bottom of the bins when 
the’ bins are being filled, or the grain at rest. No matter 
how deep the bin may be, if the bin walls be not com: 
pressed vertically due to the load these maxima will not 
be materially exceeded. 

‘In a bin having a hopper bottom, the weight of grain 
in hopper must be added to the total weight on horizontal 
bottom.. 

The pressures obtained by the foregoing system of calcu- 
lation agree accurately with the tests made in the model 
bins, and the pressures obtained in the latter, multiplied 
by the increased breadth or diameter agree most closely 
with the tests made in the full-sized grain bins of the 
same ratio of breadth to depth. 

‘The author believes that he has fully demonstrated that 
the pressure produced by grain stored in deep bins is only 
a small percentage of the pressure that would be produced 
by fluids of the same specific gravity, and that the pres- 
sures produced by grain or any other dry granular ma- 
terial stored in bins of any dimensions may be accurately 
calculated. 

Wheat and corn are the two varieties of grain which are 
most largely stored and handled. Taking wheat weighing 
50 lbs. per cu. ft., as a standard, we find that corn weigh- 
ing 45 lbs. per cu. ft., will give approximately the same 
pressure per square inch as wheat; this being due to the 
slightly lower coefficient of friction between the corn and 
the bin walls. Peas, weighing 50 lbs. per cu. ft. give a 
vertical and lateral pressure of approximately 20% greater 
than wheat; while flax-seed, weighing 45 lbs. per cu. ft. 
will give a lateral pressure 10% greater, and a vertical 
pressure 12% greater than wheat, this being due to its 
lower angle of repose, and lower coefficient of friction. A 
bin designed with a proper factor of safety for wheat will, 


however, be quite safe for the storage of peas or flaxseed. 
2 8 


= 54,946 lbs. on horizontal bottom. 
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Fig. 1. Hydraulic Diaphragm Used for Grain-Pres- 
| sure Tests in Full-Size Bins, 
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Fig. 3. Apparatus for Obtaining Angle of Repose 
and Coefficient of Friction of Grain Against Bin 
Wall. 
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(Bin 12 ins. square by 6 ft. 6 ins. high. 
of trough-plate.) 
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Fig. 8. Curves Showing Variations in Grain Pressure 
Due to Filling and Emptying Bins, with Outlet 
Opening at Center or at Side of Bottom; Model- 
Bin Tests. 


outlet opening in center of | 
bottom, 
_B—Curves of side and bottom pressures, outlet opening at 
side of bottom. 
Note.—Side pressure is shown both for side adjacent to 


outlet (curve m), and for side Opposite outlet (curve n). 
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Wheat and Dry Sand. 
Circular steel bin, 12 ins. diam. by 6 ft. 


6 ins. deep. 
Wheat, 50 lbs. per cu. ft. 
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Fig. 7. Comparative Curves of Pressures in Full-Size 
: and Model Bins. 


A.—St. John Tests on Full-Size Bin. 
Wheat in wooden bin, 12 a x 18 ft. 6 ins. by 67 ft. 6 ins. 
eep. 
B.—Model Bin Tests. 
Wheat in cribbed wooden pias ins. square by 6 ft. 6 ins. 
i 


gh. 
‘C.—Model Bin Tests. 
Wheat in wooden bin, 6 ins, square by 3 ft. 3 ins. high. 
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Fig. 9. Computed Curves of Pressure for Wheat in 
Bins of Various Sizes. 


Weight of wheat, 50 lbs. per cu. ft.. 

Angle of repose, 28°. 

Coefficient of Friction bet. grain and 
bin-side, 0.417. 
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TABLE I.—Grain Pressure Tests in Full-Size Bin. 


Tests made with wheat in cribbed wooden bin, Canadian Pacific Ry., elevator at West St. John, N.B., Canada. In- 
side dimensions of bin, 12 ft. x 18 ft. 6 ins. = 23,328 sq. ins. Depth of bin, 67 ft. 6 ins. Wheat used for test, 
No. 1 Hard Manitoba, weighing 49.4 lbs. per cu. ft.. Weighed into bin in drafts of 30,000 lbs., giving each 8 ft. 
9 ins. depth of grain in bin. 


Graingingprismportebineg seen cee. eee sEstsfers iste seeeee 540,000 lbs. 
CHE Way MOOG LOLA, sos500be0 ccgusanconoucnsecsaen,, _ Also), 0 
1 eS aa 
LOWEN fnehial. the, job Boch epocoace JQHSU OOD GOOUGHDOOUS 596,500 Ibs. 
Equivalent —-Pressure of grain——__, a oLoMCcarked ——————— 
Grain Height of fluid Vertical; Side; at Total; -—On bottom—, -———On sides—— 
weighed grain pressure, on bottom, bottom of side; Total Total 
into bin, column, in in lbs. in lbs. wallsin Ibs. per section, Weight, weight, Weight, weight, 
in Ibs. ft. ins. per sq. in. per sq. in. per sq. in. in Ibs. lbs. %. Sp Jo. 
30,000 3 9 1.286 1.118 0.343 9,446 26,081 86.9 3,919 3.1 
60,000 7 6 2.573 1.948 0.938 25,832 45,443 ou 14,557 24.3 
90,000 lh 33 3.859 2.499 1.317 36,270 58,297 64.7 31,704 39.3 
120,000 15 «(O 5.145 2,927 1.615 44,477 68,291 66.9 51,719 43.1 
150,000 18° 9 6.431 3.247 1.804 48,682 75,746 50.4 74,254 49.6 
180,000 22 6 7.718 3.482 2.011 55,382 81,228 45.1 98,772 54.9 
210,000 2673 9.004 3.635 2.111 68,1386 84,797 40.3 125,203 59.7 
240,000 30 «(0 10.290 3.752 2.201 60,615 87,527 36.4 152,473 63.6 
270,000 33 «9 11.576 3.843 2,278 62,736 89,650 33.2 180,350 66.8 
300,000 37 «6 12.863 3.924 2,345: 63,581 91,5389 30.5 208,461 69.5 
330,000 41 3 14.149 3.987 2.381 65,672 93,009 28.1 236,991 71.9 
360,000 45 0 15.485 4.041 2.417 66,564 94,268 26.1 265,732 73.9 
390,000 48 9 16.721 4.077 2.435 67,059 95,108 24.3 294,892 (EU 
420,000 52 6 18.008 4.095. 2.453 67,555 95,528 22 324,472 77.3 
450,000 56 3 19.294 4.113 2.453 67,555 95,948 21.3 354,052 18.7 
480,000 60 0 20.580 4.129 2.453 67,555 96,321 20.1 383,679 79.9 
510,000 63 9 21.866 4.129 2.462 67,803 96,32 18.8 413,679 81.2 
540,000 67 «66 23.153 4.129 2.462 67,803 96,321 17.8 443,679 82.2 
1,004,632 
Note 1.—When bin is full the distribution of loads is Note 2.—Relative Vertical and Lateral Pressure.—Total 
as follows: i aa Pressure on bottom due to 67 ft. 6 ing, grain = 4.129 lbs. 
Vertical pressure .........<.. 96,321 Ibs. . per sq. in. multiplied by area of bottom, 23,328 sq. ins. 
Grain= in) hopper =.caees.c.sss 16,500 ‘“ = 96,321 lbs. Maximum pressure on side of bin due to 
: 67 ft. 6 ins. grain = 2.462 lbs. ber sq. in. Lateral pres- 
Total load on hopper bottom 112,821 Ibs. sure—d9.6% of vertical pressure, or vertical pressure — 
Total vertical load carried by 1.66 lateral pressure. Coefficient of friction between grain 
bin wallspeyeeee. ee 443,679 lbs. and sides of bin 
eS Weight carried by sides 443 679 
Is Total grain ini binsees..... 556,500 Ibs. = = —— eile 


| Total side pressure 1,004,632 
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TABLES OF TESTS ON GRAIN PRESSURE IN MODEL BINS. 
MADE BY J. A. JAMIESON, MONTREAL, P. Q., 1903. 
TABLE IV..WHEAT IN TROUGH-PLATE BIN, 12x12 INS. BY 6 FT. 6 INS. HIGH. 
Weight of grain, 50 Ibs. per cu. ft. = 62.2 Ibs. per bushel. Hach section of grain weighed in = 6 ins. high, weigh- 
ing 25 lbs, and having a wall area of 288 Sq. ins, 


BOTTOM PRESSURE TEST. SIDE PRESSURE TEST, 5 
12 x 12-in. diaphragm horizontally on bottom; 6 x 6-in. diaphragm vertically in side of bin; 


= 144 sq. ins. area. = 36 sq. ins. area, 


; & f Grain carried on Grain i i 
Grain Hight} Equiva- Pressure bottom. eats :7 Grain | Height |Equivalent P f ovat Side Grain running out, 
weigh'd of lent of grain — SS weighed |of grain fluid ah, Eran | PPresene pressure of grain 
into grain} fluid | on dia- °/, of °/, of | into bin.|column.| pressure, | 02 “aphragm. Ee on diaphragm. 
bin. |col’mn] pressure. phragm. Weight, total Wei total section. 
2 weight eight weight : 
of grain. lof grain ae ins. | lbs. per ins. | Ibs. per 
Ibs, in. fin. water.|in. water} lbs, a, Ibs. 25 06 | "4.81 ea 002256 6.494 ae 0 Sata 
2 g 4.81 34 18.184 72.7 6.816 27.3 50 12 9.62 24 | 0.09020 | 25 978 33 0: 135300 
po e 9.62 54 28.575 67.1 21.425 42.9 75 18 14.43 3% | 0.13981 | 40.265 5 0. 180400 
an 14.43 68 34,420 45.9 40.580 64,1 100 24 19.24 4,% | 0.1646] 47.409 5 0.180400 
ye 4 Dies i aa 8 eee ee 125 30 24.05 43 0.17138 49.357 52 0. 189420 
: I ij “ A 150 36 28.86 43 0.17589 | 50.656 5 0.18 
ee) 28 | ASRS Bes |) Aueas Mion gs: | ios aisul cee 175 49 ngs. 67. | 5 "189420 
3 b : : 5 0.18040 | 51.955 5 0.189420 
175 42 33.67 84 42.863 24.5 132.137 75.5 200 48 38 .48 ; 
5 32. > 6 -18491 53.254 5} 0.18942 
GOON 28 | c28 ABE ae | 143 say Mel on | ane lcaimNtos 295 29 | st lip ied 3 3030 
: ‘, b eC 9 5 6 
mG | GR] P| duty ae | ies) Be |B) Be ot fice oat | cies 
os | eg | 28:20 | 84 | 44uer | a7.6 | 051830 | seca 275 66 | 52.81 | 5} °| 0.18042 | 54.553 | cf | 0: 198440 
Be ice | tai pero| ge ees) S50 BI ieasig Sr 72 | 87.62 | 54 | 0.18942| 54'553 | 2, | ¢: 408440 
5.460 | 15.1 | 954.540 | 84.9 Bd. Be alse 
305 "8 62.53 8 ap iaco 13.9 279 540 86.1 825 78 62.53 5¢ | 0.18942 | 54.553 54 0.189420 


Effect of 50lbs. of weights placed on top of 


grain column :— 


682 | 163,68 [ 131.27 | 98 | 48.708 | 7.1 | 633.292 | 92.9 


Increase of pressure on bottom by placing weights on top of grain column 
in bin :— 


——— ares ae 


Weights. | Increases gauge reading Increases in 
Ibs, From To Inches. Ibs 
50 83 | 98 £ 3,247 
100 93 10 § 3,247 
150 10 108 g 3,247 
Total increase 1} 9,741 


When weights were removed gauge returned to 82” 

Nore.—By sharply tapping sides of bin, grain settled 24” from top, and 
gave a maximum gauge reading of 10hin. of water, equal to a load on bottom 
of 54, 558lbs., or 16.78 % of total weight of grain in bin, 

By raising bin by means of screws at the corners, the gauge receded to 
7 inches. 


Total Side Pressure. .596, 184 


Relative vertical and lateral pressures at bottom, when 
bin is full: 
vertical pressure 3157 
2 = 1:67; 
lateral pressure .18942 
or lateral pressure equals 60% of vertical pressure. 
Coefficient of friction between grain and sides of bin: 


Weight carried by sides 279.54 


596.184 


NOTE.—When grain was running out of bin at rate of 
50 lbs per min., through opening in center of hopper bot- 
tom, the maximum side pressure was 5°/,, ins. water, or 
0.200695 lb. per sq. in. This represents 6% increase of 
pressure due to grain in motion. 


= 0.468. 
Total side pressure 


= + 


TABLE V.—WHEAT IN SHEET-STEEL 


Weight of grain, 50 lbs. per cu. ft. = 62.2 lbs. per bushel. 


ing 25 lbs., and having a wall area of 288 sq. ins. 


a BOTTOM PRESSURE TEST. 
12 x 12-in. diaphragm horizontally on bottom; 
= 144 sq. ins. area. 


BIN 12x12 INS. BY 6 FT. 6 INS. HIGH. 


Each section of grain weighed in = 6 ins. high, weigh- 
Bottom and side pressure.tests made simultaneously. 


SIDE PRESSURE’ TEST. 


6x 6-in. diaphragm vertically in side of bin; 
= 36 sq. ins. area. 


Grain carried on 


Grain carried on 


Grain Height | Equivalent Pressure of Side 
weighed of grain fluid grain on Pressure 
into bin, | column. | pressure. diaphragm, per section. 

inches inches Ibs. per 

Ibs, inches, water. water. sq. inch Ibs. 

25 4.81 3g 0.03157 9.092 
50 12 9.62 3k 0.11275 32.472 
75 18 14 43 4} 0.15534 44.162 
100 24 19,24 5 0.18040 51.955 
125 30 24 05 5} 0.19844 57.150 
150 36 28.86 275 0.21422 61.695 
175 42 33.67 64 0 22550 64 944 
200 48 38.48 635 0.23677 68.191 
225 54 43.29 tt 0.24128 69 °490 
250 60 48.10 61e 0.24579 70-788 
275 66 52.81 5 0.24805 71.438 
300 72 57.62 615 0.25030 72.087 
325 78 62.53 6H 0.25030 72.087 


Grain |H'ight} Equiva- Ercaute bottom. bin sides. 
weigh’d| of lent a 
aa grain} fluid /8r%e on °/, Of °). of 
bin. |col’mn| pressure. phragm.| Weight, ain 4 | Weight. i ¢ 
of grain. lof grain. 
Ibs, yi in. |in. water,|in. water] lbs, Ibs. 
25 6 81 3 20.132 80.52 4.868 19.48 
50 12 9.62 625 32.147 64.29 17.853 35.71 
75 18 14 43 TPs 39.291 52.38 35.709 47.62 
100 24 19.24 84% 45.785 45.78 54,215 54.22 
125 30 24.05 94 48 058 38.44 76.942 61.56 
150 36 28.86 OTE 51.630 34.42 98.370 65.58 
175 42 33.67 1035; 53.578 30.61 121 422 69.39 
200 48 38.48 103 55.851 27.92 | 144-149 72.08 
225 54 43.29 14 57.800 25.68 | 167.200 74.32 
250 60 48.10 114 59.100 23.64 | 190.900 76.36 
275 66 52.81 11g 59.740 21.73 | 215.252 78.27 
300 72 57.62 | 112 60.397 20.13 | 239.603 79.87 
325 78 62.53 11g 60,397 18.58 | 264.603 81.82 
Carried on bottom 60,397 on sides 264.603 


Relative vertical and lateral pressures at 
bin is full: 


bottom, when 


vertical pressure -41943 
ee = ———-_ = 1.66, 
lateral pressure -25030 


or lateral pressure equals 59.7% of vertical pressure. 
Coefficient of friction between grain and sides of bin: 


Weight carried by sides 264.60 


745.55 


Total side pressure 


= 0.355. 


Total side pressure. .745.552 


NOTE.—By sharply tapping bin with h 


ammer the grain 


settled 3 ins., and gave Maximum readings as follows: 


Bottom pressure = 138% ins. water — 
Sq.in., = 21.2% 


Side pressure 


Squiny 12349 


sure, 


0.47806 Ibs. per 
of fluid pressure. 
73/1, ins. water — 0.28187 Ibs, per 
% of fluid pres- 


|TABLE VIII.—SAND IN ROUND SHEET-STEEL BIN 


BOT- 


NS. HIGH; 


12 INS. DIAMETER BY 6 FT. 6 I 
TOM PRESSURE TEST ONLY. 


Cir- 


34°, 
lly on bot- 


Yaary;, 
ins. high, 
arge. 


gay River Sand, thoroughl 
per cu. ft., angle of repose 
sand weighed in = 3.63 
Last section only half as 1 
2 ins. diameter, horizonta 
ins. area, 


Chateau 
phragm 1 


118.1 sq. 


clean, 


weighing 25 lbs, 


Each section of 
cular dia 


weighing 100 lbs, 


Sharp, 
tom 


; = SFARDHOGSCONHDOMAOSID 
saat SRSRASSSSRSSSYRVSB RSS 
3 oS ms Regt cacao PPeabcisel sscueyeetee ciety oe S 
3 & = WRMOWDSAHBSODSBOR 
ra eee SWRASTISSSSSSLAMKSLSSss 
23 BS 
Shas] 
aS 
3% 
‘ WWIOAM*HtAHG| O 
og =z SSS TBR Re SS BSSRSsSsrexe S 
O55 m0 AOCHMOHONRASHABGHAMHEBAA A 
= Ot EAB Se co BO ie oe eee SHO 
3 g FS TMOAXASSAHDMMAMDADRIOR SH] «© 
= = DONLrSOABRoOAGS| 
a e SESSETRSRIRR SSS SS S| g 
n 
: o 
2 =A BANHHOHRAOR ATH 
8 SESE SRTVARSSSIRSBZSARIVSHEAKSY = 
8048 SQLS : BE Sy oe SCI 
a] 20"5 SCOMBODMHOMSOOMAanKBHHASaHOO 
@¢ So oe SONSHEERISBRBARAAARARLLS 5 
En S | 
5 
s> A 
° Se) AMMWMHO OOM MOM ODOM Oo! 
3 a sSOSSRRSAS SGA SSSsseeser ~ 
Si oo ZOROATBAANDMHOHDHSSAKVESA A 
3 < FH HROOBAtMOIMHAKOSRODOOHOS! ® 
n = ARSSRASSSSSSBSSELLOMYD ° 
© ; a a 
Ss 7) 5 
5a. & 3 AE pute PEEP coeo'reee| S 
gice | SSSho oS SPARS oes alse res f 
Pn 88 BE RSARANNANANRNASAAAA 8 
aoF a 4 s 
- = 6 
2 Oo 
3 SAMS AXKODONHKHDOOMMOR DONG 
Fees | S8SSRSAMSeeayeeoeurmena cS 
Sans j Ss NS RGSS 2 EPO Cops cecil Iw 
gas | | “SSSRASSSESSRSESSSSENS 5 
g Sat agoney 
Q = oO 
1 
= E 
ae a BLAM OM=— Hr SMmrnansnatnomno 
toe GE FLNL SAN ASSRAWABDKONAASAS 
o°a8 BonodOm MONSON odO IKONS 
[ees 8 TS AANAM OO WHINIMINOSOSORRR 
rs] 1 
"Oi me 
ao; DRS OS WSWSHOHOMOMOMOMOBR 
ges SABNSASRSARRSRsesResvser 
Mo .85 = FFA NAAA HOO Od HH HD OS 
eB 
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top, and gave m 


ply tapping bin, sand settled 3 ins. from 


g of 291% ins. of water, 
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